Abstract-In this work we explore an uncommon method to extract the piezoelectric coefficient of the piezoelectric material aluminum nitride. The method exploits the bias dependence of CV (capacitance voltage) measurements on MπM (metal-piezoelectric-metal) capacitors. We propose a bias dependent capacitance model for piezoelectric capacitors such as BAW (Bulk Acoustic Wave) resonators. With this model we extract both the piezoelectric coefficient and dielectric constant from the CV recording. In contrast to earlier reports we verified that our results do not depend on layer thickness, biasing and sweep direction of the CV recording. In addition, we discuss the accuracy of our measurements in depth.
I. INTRODUCTION
Piezoelectric materials find wide applications in MEMS (Micro Electro Mechanical Systems), BAW resonators and pressure sensors. A typical example of such material is AlN (aluminum nitride) [1] . AlN has attractive material properties such as a low permittivity k (10.5), high stiffness (3.8 ·10 10 N/m 2 ), high coupling coefficient and high thermal conductivity. In particular, it is compatible with conventional CMOS technology. Another important parameter is the so-called piezoelectric coefficient d 33 . This parameter relates the displacement to the bias on the piezoelectric layer [2] .
Various methods have been reported to characterize the piezoelectric coefficients. In some an electric field is applied to the piezoelectric and the subsequent displacement is measured using a laser interferometer [3] or an AFM (Atomic Force Microscopy) probe [4] . A well known technique was proposed by Berlincourt and Jaffe [5] where mechanical resonance and antiresonance frequencies yield the piezoelectric properties. Figure 1 illustrates an MπM capacitor structure. The distance between the electrodes and the dimensions of the electrodes are both field dependent because of the piezoelectric effect. Therefore the capacitance depends on the electric field and hence applied bias. Recently, Al Ahmad and Plana [6] proposed that this effect can be used to characterize the physical properties using capacitancevoltage (CV) measurements. This type of characterization is an attractive alternative for several reasons. The first is that a standard semiconductor parameter analyzer can be applied to do the measurement. Secondly the technique does not require any kind of mechanical probe to measure the displacement and thus is non-invasive or even destructive. In this paper we elaborate on reported earlier work [6] . In addition we come up with an alternative
The figure illustrates the field dependence of the physical dimensions for an MπM capacitor. The applied bias changes these dimensions and hence the capacitance between the electrodes. bias dependent capacitance model. Using this model we extract both k and d 33 . In contrast to their reported work we discuss the parasitics and verify our observations for different layer thicknesses and biased electrode variations.
In section II we discuss the theory on the converse piezoelectric effect to relate the capacitance via the piezoelectric coefficient to the applied bias. Then in section III we discuss CV measurements on piezoelectric layers in more detail. Section IV follows with results from experimental BAW resonator material obtained from NXP Semiconductors [7] . To verify our results we vary layer thicknesses, frequency and sweep direction. Finally in section V the results are discussed.
II. THEORY
The piezoelectric effect along the [1000] axis in AlN results from the Wurtzite crystal structure [2] . It is conventional to assign d 33 to this [1000] axis and to define d 33 as a positive quantity. The material has a large bandgap (6 eV) and large resistivity, making it a good insulator. In our experiments, see section III, we observe no ferroelectric effects in the AlN layer. Hence we can neglect ferroelectric theory and use the piezoelectric constitutive relations to model the material. Within a solid medium the mechanical forces are described by the stress field components T . The mechanical deformations are indicated by the strain field components S. These can be related to both the electric field E and electric displacement D [8] ,
where d ijk is the piezoelectric coefficient, the d ijk denotes the transpose of d ijk , T ij the permittivity measured under constant stress field and s E ijkl the elasticity measured under constant electric field. Let us apply these constitutive relations to our CV measurements. In our MπM capacitors, as shown in figure 1 , an electric field is applied in the 3 direction only, E 1 = E 2 = 0. Furthermore we make the assumption that no stress builds up at the boundaries of the piezoelectric layer, i.e. the piezoelectric layer is unclamped, T = 0. This assumption is invalid and is known to yield lower measured piezoelectric coefficients [9] , [10] . Using their results we estimate that this results in a 10% higher extracted piezoelectric coefficients. Using the above assumptions we can derive the change in dimensions (W , L and d) from equation (1) using (d 33 , d 31 ) and the electric field in the 3 direction, V/d. We find,
where d is the insulator thickness. d 31 couples the field in the 3 direction to the dimension change in the 1 and 2 direction. The bias dependent area for a rectangular shaped device becomes,
The equilibrium (zero bias) dimensions are indicated by − 0 . Alternatively for a circular shaped device the change in radius is
From this we calculate the bias dependent area and find,
−4 so the quadratic terms are negligible compared to the linear terms. After rearranging terms the capacitance per unit area as a function of voltage becomes,
where 0 k is the permittivity and d 0 is the equilibrium insulator thickness. Equation (5) holds for all geometries. Furthermore x relates the lateral (3 axis) to the in-plane deformation (1 & 2 axis), typically [11] for AlN layers. With equation (5) we can relate CV characteristics to the piezoelectric coefficient d 33 .
III. EXPERIMENT A. Equipment
The CV characteristics were recorded using a Karl Süss PM8 low leakage probe station and Keithley 4200 CVU Semiconductor Parameter Analyzer. They were interconnected using 1.5 meter long SMA cables. We used dual needled probes serving separated force and sense connections down to the contact pads.
The key measurement settings are as follows. The speed is set at "Quiet" to minimize the noise the measurement. Before starting a CV sweep a PreSoak bias of -30 V is applied for 2 seconds to charge the system. During the CV recording the bias is varied with steps of 0.1 V with a sweep delay of 0.1 seconds. At each bias point the impedance is recorded with a 1 MHz 100 mV rms ac voltage. The parameter analyzer uses an Auto Balance Bridge to create a virtual ground at the device. Therefore all impedances between the signal and earth connection should not show up in the measurement. At 1 MHz the accuracy of the parameter analyzer is better then 3.8 fF, while the sensitivity, noise and short term repeatability are in the 0.1 fF range. This means that the tool is accurate enough for our measurement, as we will show later.
B. Parasitics
For accurate measurement parasitics need to be taken into account. In figure 2 an equivalent circuit model for the different components in our measurement set up is shown. We characterized the connection impedance by measuring a frequency sweep on a shorted device. It was found that this impedance can be represented by a series connection of a coil L s = 74 nH and resistor R s = 1.68 Ω. In the measured frequency range the series impedance is negligible compared to measured impedances. Hence the series impedance can be neglected in further calculations. However for high frequencies this approach will not hold, the wavelength of the signal will be in the range of the cable length and the results will become invalid. The measured capacitance is the sum of the parasitic and intrinsic capacitance,
By scaling the device area, A, both C par and C π can be extracted independently. We used optical microscope images, as shown in figure 3 , to determine the area of the devices. The different geometries all have a different area however they have about equal contact areas, yielding equal parasitics. The de-embedding method is illustrated in figure 4 . The measured capacitance C m is shown for six areas. The slope gives the capacitance of interest, C π . In the figure it is clear that the change in measured capacitance C m is much larger than the change in the parasitic capacitance C π due to bias. Therefore we expect that the bias dependence of C par does not affect our results.
To verify our model for parasitics we measured the CV curves as a function of the frequency, see figure 5 . We expect that the measured capacitance, if the model is correct, does not depend on the frequency. Furthermore the largest biases, -30 V and 30 V should give largest and smallest capacitances. We measure a capacitance hence the phase should be close to −90 degrees. These conditions hold in the frequency range from 0.1 MHz upto 1 MHz, shown in the inset, and further analysis on the data can be valid in this particular frequency range only.
C. Sanity Check
According to our theory we expect to characterize a thickness variation in our capacitor. However it could well be that it is not the thickness but the dielectric constant of the AlN layer which is changing. If this is the case then the material shows a small ferroelectric effect and should show hysteresis. To check this we varied the sweep direction of the CV sweep. This is shown in figure 6 . When the direction is changed, shown by the graph labeled direction, the CV curve does not change. Hence ferroelectric effects are not present in our device. Another effect could be the build up of charge somewhere in the setup. In that case interchanging the measurement terminals would not lead to a change in the measured effect. Figure 6 shows that changing the terminals does show an inverse CV curve and hence the same effect. These two simple checks do not give any reason to believe that we are measuring another effect rather then the than piezoelectric effect.
IV. RESULTS
Once C π , see equation (6), is extracted from the measurement data we fit equation (5) to the CV recording using k and d 33 as fit parameters. The dielectric constant k is determined from the mean value of C π . Then d 33 is fitted to the data using the Levenberg-Marquardt algorithm for error minimization. Figure 7 shows the same data as figure 5 however plotted against the bias instead of the frequency. The figure illustrates the fitting procedure for various frequencies. For frequencies below 0.1 MHz noise becomes a major issue. The resulting fitting parameters are shown in figure  8 . The dielectric constant k ≈ 10 and quite constant up to frequencies of 1 MHz. Earlier we concluded that our measurements could be valid only until this frequency. We obtained a d 33 of about 50 pm/V. For d 33 the result is quite constant above 0.1 MHz however it suffers from a lot of noise. This originates from the low number of bias measurement points for the frequency dependent data. Figure 9 shows the capacitance voltage measurement for three different piezoelectric layer thicknesses d 0 . The dielectric constant fit parameter k is independent of the layer thickness. Together with the frequency dependent results we conclude that the calibration and measurement technique are accurate. The accuracy of d 33 is also illustrated in the figure. For d = 1450 nm additional fit's with d 33 ±5 pm/V are shown, which do fit less well. When the fitted d 33 is changed 1 pm/V then the standard deviation of the ratio between fit and data increases by a factor 0.0001. Hence we estimate the fitting error in d 33 less then a few pm/V. The fitted d 33 ≈ 50 pm/V is independent of the layer thickness. This is a factor 5-10 higher than reported in literature [12] - [14] . We believe that the difference can be attributed to either the method, the poly crystalline material structure of our material, or the fact that this technique characterizes d 33 at DC conditions.
In figure 10 we show the parasitic capacitance C par for these devices. These vary only 1 fF with bias while the measured capacitance of the devices varies about 15 fF. The piezoelectric effect we characterize is present also in the parasitics however negligible.
V. CONCLUSION
In this paper we elaborated on the CV measurement technique proposed by Al Ahmad and Plana [6] by characterizing AlN BAW resonators for three different layer thicknesses. Most importantly the results are independent of the layer thickness, sweep direction and frequency. This confirms that our calibration is correct and no hysteresis is present. The fitted dielectric constant is about 10. However the obtained d 33 of 50 pm/V is higher than reported in literature. Here the type of measurement, done at DC conditions, is different and the material, polycrystalline, may be different. In addition mechanical measurements could be done to verify our observations. We believe that the method proposed in this work may help to develop this piezoelectric coefficient characterization technique. 
